Current high-contrast imaging systems implement wavefront control using traditional deformable mirrors developed for atmospheric turbulence correction, which require large strokes, high-speed, and continuous phase correction. However, high-contrast imaging has different requirements. Thus, developing a specialized deformable mirror for this application able to meet the demanding requirements of future exoplanet imaging flagship missions is valuable for the exoplanet scientific community. In this paper, we propose a novel wavefront control approach, called Sparse Wave-Front Control (SWFC), which enables high-contrast imaging using sparse phase changes on the active surface re-directing coherent starlight to null speckles. To validate SWFC, we simulated a telescope equipped with a Phase Induced Amplitude Apodization (PIAA) coronagraph and a 100 by 100 actuator sparse Deformable Mirror to null speckles caused by the optical system aberrations. We modeled the mirror as a flat surface where narrow gaussian influence functions represent actuators. We performed wavefront control utilizing Electric Field Conjugation achieving 6.7e-11 mean contrast between 3 to 35l/D in monochromatic light and 7.4e-11 in 10% broadband light. In the second part of this paper, we propose an approach to manufacture Sparse Deformable Mirrors utilizing photosensitive polymers, which could be placed below the mirror coating and can be photonically actuated by back illumination through the mirror substrate.
INTRODUCTION

High-contrast imaging applications for exoplanet detection
The Kepler space telescope has revealed that many stars have roughly Earth-size planets that are in the habitable zones of their stars 1 (exo-Earths). One of the most important next steps is spectroscopic characterization of exo-Earths and mass measurements, which would tell us whether they possess an atmosphere, liquid water, and biomarker gases, such as oxygen and methane. Directly imaging an exo-Earth (at least for Sun-like stars) and astrometry measurements are necessary for determining mass. This goal is reflected in NASA's strategic plan, the "Enduring Quests, Daring Visions" 30-year roadmap 2 , and the Astro2010 decadal survey 3 . In fact, about a third of the 30-year roadmap considers the question, "Are We Alone?". In the Astro2010 decadal survey, one of the key questions posed is "Do habitable worlds exist around other stars?".
Future ground-based telescopes such as the Giant Magellan Telescope (GMT), the Thirty Meter Telescope (TMT) and the European Extremely Large Telescope (E-ELT) will be equipped with powerful coronagraphs that may be able to detect exo-Earths around M-dwarf stars in the mid-2020s, but space missions will be necessary to detect exo-Earths around Sun-like stars. NASA is also currently undergoing 4 studies of large flagship missions for the 2030s, two of which (Habitable Exoplanet Imaging Mission or HabEx, and Large UV/Optical/IR Surveyor, or LUVOIR) are designed to be capable of detecting and spectrally characterizing a statistically significant number of exo-Earths, as well as many larger planets. In this paper, we propose the Sparse Wave Front Control (SWFC) technique that offers many advantages for highcontrast imaging. Among them we highlight the implementation with much higher actuator count DMs. High-density deformable mirrors, with more than 96x96 actuators, are able to create dark larger zones, thus enlarging the area where planets can be discovered. This need has been identified as high-priority by NASA's Exoplanet Exploration Program in the 2017 Coronagraph Gap List 4 .
Deformable mirror types and applications
The majority of astronomical Deformable Mirror (DMs) applications are in atmospheric, or "conventional" adaptive optics, where the primary requirement is to correct large low-order phase aberrations (tip, tilt, defocus, etc.) as well as smaller mid-spatial frequencies, which usually means that a DM must be capable of producing high strokes at high speeds, as shown in Table 1 .
The requirements for high-contrast imaging are very different. High-contrast by itself does not require high-Strehl. Speed and stroke requirements are also different. Despite the differences in requirements, high-contrast applications typically use Deformable Mirrors (DM) developed for conventional adaptive optics (AO) because of their availability. However, developing a DM specifically designed for high-contrast applications has the potential to reduce cost, complexity, and improve the performance of such systems. Furthermore, the use of conventional AO DMs for highcontrast imaging biases the general thinking about the problem. In order to create a high-contrast region, it is not necessary to correct for phase errors across the pupil, as conventional DMs do. It is only necessary to redirect a small amount of the starlight in such a way to make it destructively interfere with focal plane speckles in the high-contrast region of interest. For example, a DM where only a small fraction of the surface is deformable would work, provided that we pick the right fraction of the surface. A simulation of such a device's surface map is shown in Fig. 2 . We will refer to such a DM as a "Sparse DM" (SDM). Such a DM would have the following advantages over conventional DMs for high-contrast imaging:
• Sparse DM can be constructed on curved surfaces with power, reducing optics complexity • Enables a path towards actuable primaries for wavefront control and DP calibration • Expands Super-Nyquist Wavefront Control dark zones 5, 6 • Small Strehl degradation as a result of creating a dark zone compared to a conventional DM • Possible implementation using light actuation, eliminating the need to wire thousands of high-voltage cables • Compact and solid state, very compact packaging possible, suitable for space applications • Higher resilience to contrast degradation by actuator stroke creep than a normal DM 
SPARSE WAVEFRONT CONTROL
Conceptual overview
Sparse Wave Front Control (SWFC) is a novel approach where high-contrast is achieved by redirecting a small amount of starlight to null speckles. For that purpose, it is not necessary to modulate the entire surface of the DM; instead it is sufficient to create features with spatial frequency components that match the location of the speckle to be nulled. The ability of a Deformable Mirror with a very narrow influence function to null speckles has been described in the literature 5, 6 . The high-frequency nature of narrow influence function allows SWFC to correct speckles at large angular distances from the PSF as they diffract light beyond the conventional (Nyquist-limited) outer working angle of the DM.
Limitations and energy balance
Sparse Wave Front Control has a limited ability to null bright speckles compared to conventional DMs. This is because of two effects: (a) the actuators only affect a fraction of the total area of the beam illuminating the DM, and (b) the light that these actuators affect is itself diffracted over many diffraction orders. Both of these effects dilute the light energy available to suppress (destructively interfere) the speckles in a high-contrast region of interest. Both effects scale as the fractional area, or effective 2D duty cycle of the actuator influence function. In other words, the total speckle energy that a sparse DM is able to suppress in a given dark zone is lower by " relative to a conventional DM, where e is the effective diameter of the actuator influence function divided by the actuator spacing. SWFC therefore is not well-suited for correction of low-order aberrations (which are typically large), and a low order wavefront control actuator should be used to maintain proper tip/tilt (i.e., pointing) and focus. However, it is well-suited for correction of dim speckles in highcontrast zones of coronagraphs (because their energy is already quite low). Therefore, this energy disadvantage may not matter for high-contrast imaging systems, while the advantages may be significant (ability to control speckles beyond the conventional (Nyquist) outer working angle limit of the DM, as well as have a simpler and lower-cost device). 
Sparse Deformable Mirror Concept
A DM is able to dynamically modify its surface in order to change the phase of the light incident on the mirror. Most deformable mirrors are able to apply a continuous phase change over the mirror aperture, which enable first order Seidel aberrations to be corrected, by using actuators that deform the surface over significant surface areas, as shown in Fig.  1 (left). However, high-performance optical systems such as coronagraphs developed for high-contrast imaging are diffraction limited, and as result, low-order aberrations are not a limitation. Instead, high-order wavefront errors cause speckles dimmer than the PSF diffraction ring limiting the contrast. Those speckles can be nulled by creating small phase delays at a spatial frequency corresponding to the speckle location and with opposite phase. It would be ideal to have a sparse actuator DM that creates dark nulling holes without the complexity of a mechanical system that deforms the entire mirror surface. As shown in Fig. 1 (right), our concept is based on a sparse array of small-area influence functions with narrow "poked" actuators designed at spatial frequencies for creating null speckles.
The mechanical simplicity of the Sparse DM (SDM) concept enables the use of photonic actuation where light is used to expand or contract a material behind the reflective surface of the DM. This architecture enables manufacturing of completely solid-state devices with very large (~100,000) number actuators, which can have extremely fine resolution.
Benefits for high-contrast imaging
The implementation of SWFC has multiple benefits for high-contrast imaging. First, it could enable the manufacturing of very high (>10,000) actuator count deformable mirrors, to be used in future flagship exoplanet missions such as HABEX and LUVOIR. Greater number of degrees of freedom enables larger high-contrast regions, larger bandwidths, and in some cases deeper contrasts. Second, the sparse nature of the DM enables aliasing the high-contrast region of interest beyond the conventional outer working angle limit of the DM, allowing high-contrast regions to be created, in principle, at any desired location in the focal plane. Third, it facilitates maintaining a high-Strehl ratio and deep contrast simultaneously, because most of the mirror surface remains unaffected.
SIMULATIONS
We have proven the ability of an SDM to create dark holes for a high-contrast imaging application simulating its implementation in a coronagraph instrument. For this simulation we placed an SDM in a pupil plane, which sends the light to a PIAA 8 coronagraph, then a Focal Plane Occulter (FPO) rejects the starlight, and an inverse PIAA recovers the image in the image plane. The SDM considered for this example has 100 by 100 actuators arranged in a square grid. Each actuator is modeled as a gaussian function with a Full Width Half Maximum (FWHM) of 0.4 times the actuator pitch, which in our implementation is equivalent to a 100µm actuator for a pitch of 250µm, resulting in a ~12% fill factor. Wavefront errors modulated by a 1/ & Power Spectrum Density (PSD) distribution was included in the simulation in order to match typical high-performance space telescope optics. The simulation attempted to remove diffraction rings in a PIAA coronagraph. An Electric Field Conjugation 7 (EFC) algorithm was used to probe the wavefront error and find a solution to create a dark hole of 3.0e-10 mean contrast from 1.6 to 30l/D, as shown in Fig. 2. 
Monochromatic results
We continued SWFC simulations on the NASA Ames Pleiades supercomputer in order to increase pupil sampling to 1800 pixels. We used a C-shape from 3 to 35l/D. Again, we considered 100 by 100 actuator SDM and we modeled each actuator as a Gaussian function with a FWHM of 0.4 actuator pitch, or 100µm for 250µm actuator. The optical system aberrations Fig. 3a2 and 3a3 respectively. The outer ring structure is caused by the Lyot stop that is 85% of the pupil diameter. The Dark Zone (DZ) contrast obtained after wavefont control is 1.5e-9. Fig. 3a2 shows a large fraction of saturated actuators as EFC solution drives them to correct low-order modes that have higher amplitude. On row b of Fig. 3 (b1, b2, b3) we increased the size of the FPM to 5l/D in radius, hence blocking a larger fraction of the loworder aberrations while maintaining the same PSD. The result is almost an order of magnitude better mean contrast reaching 1.9e-10. If we assume that the low-order aberrations can be corrected using a low-order DM upstream of the SDM arranged in a woofer-tweeter architecture, where there woofer is a traditional DM that cancels low-order aberrations and the tweeter is the SDM that focuses on the speckles. To simulate this, we clamped the low-order frequency components from the PSD as shown as green line in Fig. 3c1 assuming that a woofer DM removed them. With this configuration, we obtained a mean contrast of 6.7e-11. In addition, Fig. 3c2 shows how the actuator stroke is reduced after the low-order terms have been subtracted.
Broadband results
After simulations showed that SWFC works with monochromatic light, we started broadband tests utilizing the same coronagraph configuration and optics aberration power law. We used 10% broadband light discretized in 10 bands centered at 650nm. As in the monochromatic case low order aberrations were limited assuming a woofer DM is correcting them upstream in the optical path. The simulation used the EFC algorithm to find DM solutions, after 300 iterations we were able to achieve a mean contrast 7.4e-11 and a median of 2.5e-11 within the C-shape Dark Zone covering from 3 to 35l/D. This simulation shows that SWFC is capable of creating a dark hole in broadband light without significant impact in terms of contrast performace. 
POSSIBLE TECHNICAL IMPLEMENTATION
There are two main DM actuator technologies currently being considered for space missions; the first one is the electrostrictive actuator manufactured by Northrop Grumman Xinetics, and the second one is the electrostatic force Micro Electro Mechanical System (MEMS) DM manufactured by Boston Micromachines Corporation (BMC). The driver electronics for both technologies are challenging. They require controlling high-voltages at high speed, however, the electrostrictive actuators act as a capacitor, therefore every time an actuator is moved there is a "non-negligible" current. In contrast, the MEMS DM working with electrostatic force only requires a voltage at the actuator pin, so there is no current required to actuate the DM.
Photonic Deformable Mirror concept
The mechanical simplicity of the Sparse DM concept enables the use of photonic actuation, where light is used to expand or contract a material behind the reflective surface of the DM. This architecture enables manufacturing of completely solid-state devices with a very large (~100,000) number actuators that can have extremely fine resolution. Photonic actuation reduces the constraints of traditional mechanical actuators as the actuator shape, size, and configuration is customizable and there is no wiring required to supply the activation. Fig. 4 shows the photonic deformable mirror (PDM) concept for this work, where a scanning mirror directs a laser beam into an f-theta scan lens that focuses the laser through a mirror substrate onto a photoresponsive layer. The laser beam scans to a particular actuator where the laser power is increased to switch the characteristics of the material so that it expands or contracts as a function of power and polarization. In Fig. 4 , the mirror is initially flat, but upon actuation, a small bump is created at a specific location. A reflective mirror coating of aluminum or silver on the front (sky) side of the photoresponsive layer follows the material deformation and creates a phase change on the reflected starlight at that location. After actuation at the surface, the laser beam scans to another location or is turned off. When a change in the speckle correction is required, the laser beam scans back to the same location and, with a reversed-polarized focus spot, erases the bump by contracting the material. This process can be repeated as often as necessary, and in any pattern required for the correction.
Photonics polymer physics and performance
Recent work on photoresponsive polymer coatings has demonstrated the ability to control surface shape in response to light 9 . These coatings used in photoswitchable systems are comprised of azobenzene, a compound that exhibits unique behaviors when exposed to light, as shown in Fig. 5 . Under UV illumination, azobenzene undergoes photoisomerisation, changing between the trans and cis isomer configurations
10
. The timescale of this reversible process can be controlled by the molecular photochemistry. Fig. 4 : This schematic shows the coating activation process where a p-polarized light source is focused at specific locations on a photonic deformable mirror (P-DM) to create a sparse array of actuator points. At each point, the photoactivatable layer is poked to create a surface deviation of the mirror on the sky side of the device. The pattern is stable when the light is turned off. When the pattern needs to be modified or erased, the state is changed to s polarization and the laser beam is rescanned to flatten the surface. The cycle of writing and erasing the actuator pattern can be repeated many times. Micrometer scale movement has been induced by irradiation from appropriately polarized light and results in large reorganization of bulk material below the glass transition temperature (Tg) and creation of surface relief gratings on the micron thick azopolymers films exhibiting diffraction efficiencies >30%
12
. While the majority of studies in this area inscribe gratings on the polymer film surface, single spot lithographic deformations have also been reported 13 . Erasure is possible by both optical and thermal means 11 . Many azobenzene containing polymers with different structures have been used in the investigations of photofabricated surface relief gratings. Multiple structural elements, including azo group concentration, location of the azo group within the polymer chain, nature of linking chemistry, type of azo chromophore, steric constraints, and thermal properties of the polymer have been investigated 14 . A wide variety of materials have also been investigated, including amorphous and LC azopolymers, azo-containing polyelectrolytes, guest-host supramolecular composite, azo-functionalized dendrimers, and azo-hybrid gels 15 .
Photonic mirror fabrication
Thin films of azobenzene compounds are typically prepared with spin-coating, and can also be created via solvent evaporation, the Langmuir-Blodgett technique, or self-assembled monolayers 10 . We consider that the following three types of materials can be used for this work.
(1) Commercially available azopolymers. Several azopolymers are commercially available and we will use these for initial proof of concept studies. Polymers include: PAZO; pDR1M; and pDR13M. (2) Methacrylate based side-chain azopolymers. There is an extensive literature in the photofabrication of surface relief gratings with methacrylate-based polymer, and recent advances in controlled polymerization techniques, particularly atom transfer radical polymerization (ATRP) and living free-radical polymerization (LFRP), will allow the preparation of methacrylate azopolymers with enhanced levels of structural control such as precise molecular weight ranges and block co-polymer architectures. (3) Polymer backbones with enhanced durability in space. Polyimides (e.g. Kapton) are commonly used in space Fig. 5 . The cisàtrans isomerization is reversible upon UV or visible illumination and can result in a change of surface topology (Stumpel, 2014) . This illustrates the ability to create a "poked" actuator using an illuminated photonic polymer coating. applications because of relative resistance to degradation by atomic oxygen exposure, although they have been relatively little studied in photofabrication of surface relief gratings. New azopolymers based on polyimide backbones will be prepared and used to investigate surface relief grating photofabrication.
We envision an implementation of the Sparse Photonic DM using a clear glass substrate coated with the photosensitive polymer and a reflective coating on top of that. This architecture is shown in Fig. 6 .
CONCLUSIONS
In this paper we have presented the Sparse Wave Front control technique, which is a specialized version of traditional wavefront control for high-contrast imaging. This technique relies on actuators with a narrow influence function. As a result, it is possible to correct speckles and create a dark zone with minimal impact on the PSF Strehl ratio. Also, a DM capable of doing SWFC will have sparse actuators opening new opportunities for actuator density and developing SDM over powered optics.
We have validated the technique by simulating a PIAA coronagraph utilizing FPOs of 2 and 5l/D, and a mirror aberrations profile modulated by an envelope of 1/^1.5 and a maximum RMS of l/20. After performing Electric Field Conjugation and apply the sparse solution a mean contrast of 6.7e-11 between 3 to 35l/D in monochromatic light and 7.4e-11 in 10% broadband light was achieved. These results demonstrate that the concept works in theory and in monochromatic light. As of now the broadband tests are being run at the Ames supercomputer. Also, we have proposed an implementation of the Sparse DM technology by utilizing an active photosensitive polymer between the optical substrate and the coating. A laser scanning system would back illuminate the substrate delivering the laser light to activate the polymer. The laser polarization will determine if the polymer will contract or expand causing the actuation. We envision a stroke of 500nm using this technical implementation and actuator densities of 300 by 300 are viable solving a major problem for flagship exoplanet imaging missions.
